Methionine is the precursor of homocysteine, a sulfur amino acid intermediate in the methylation and transsulfuration pathways. Elevated plasma homocysteine (hyperhomocysteinemia) is associated with occlusive vascular disease. Whether homocysteine per se or a coincident metabolic abnormality causes vascular disease is still an open question. Animals with genetic hyperhomocysteinemia have so far not displayed atheromatous lesions. However, when methionine-rich diets are used to induce hyperhomocysteinemia, vascular pathology is often observed. Such studies have not distinguished the effects of excess dietary methionine from those of hyperhomocysteinemia. We fed apolipoprotein E-deficient mice with experimental diets designed to achieve three conditions: (i) high methionine intake with normal blood homocysteine; (ii) high methionine intake with B vitamin deficiency and hyperhomocysteinemia; and (iii) normal methionine intake with B vitamin deficiency and hyperhomocysteinemia. Mice fed methionine-rich diets had significant atheromatous pathology in the aortic arch even with normal plasma homocysteine levels, whereas mice fed B vitamin-deficient diets developed severe hyperhomocysteinemia without any increase in vascular pathology. Our findings suggest that moderate increases in methionine intake are atherogenic in susceptible mice. Although homocysteine may contribute to the effect of methionine, high plasma homocysteine was not independently atherogenic in this model. Some product of excess methionine metabolism rather than high plasma homocysteine per se may underlie the association of homocysteine with vascular disease.
M
ethionine is the precursor of homocysteine, a sulfur amino acid intermediate in the methylation and transsulfuration pathways. Homocysteine, a non-protein-forming sulfur amino acid, was first implicated as a cause of occlusive vascular disease by K. S. McCully, who noted the high prevalence of early arteriosclerotic and thromboembolic disease in patients with congenital homocysteinuria (1) . Since then, a growing body of epidemiological evidence has shown a strong association of elevated plasma homocysteine with vascular disease in the general population (2) (3) (4) (5) (6) (7) . The association remains strong after adjustment for major determinants of homocysteine, such as age and renal function, folate, vitamin B 12 , and vitamin B 6 , suggesting that homocysteine is an independent risk factor for occlusive vascular disease. Together with the known association of inborn errors of homocysteine metabolism and premature vascular disease in humans, these data provide the basis for a compelling, if still controversial (8) (9) (10) (11) , hypothesis that elevated blood homocysteine is a cause of vascular disease. This hypothesis has engendered great interest because of the possibility that lowering blood homocysteine through nutritional interventions might prove to be a safe and effective means of reducing the associated risk of disease. However, despite a variety of theoretically plausible mechanisms proposed to underlie this association (12) , none has been adequately demonstrated in vivo, and the question remains whether homocysteine is a cause, a fellow traveler, or a marker of pathogenic mechanisms in vascular disease.
Homocysteine is formed from the essential amino acid methionine, and blood levels are modulated by a complex metabolism that requires the B vitamins folate, methylcobalamin (B 12 ), and pyridoxal 5Ј-phosphate (B 6 ) ( Fig. 1) . Excess dietary methionine and B vitamin deficiency can elevate plasma homocysteine, and B vitamin supplementation can lower plasma homocysteine levels.
As an endogenously produced metabolic intermediate, homocysteine is never biologically isolated from its determinants, and any rise in plasma homocysteine is necessarily coincident with a metabolic or physiological cause. However, similar levels of blood homocysteine can reflect very different underlying causes. For example, excess dietary methionine drives a transient increase in methionine, S-adenosylmethionine (SAM), and homocysteine (13) . In contrast, folate and B 12 deficiencies result in low methionine and SAM and in high homocysteine, because they inhibit the regeneration of methionine from homocysteine (14) .
Such metabolic complexity has made it difficult to test the hypothesis that elevated homocysteine in blood is vasotoxic. Doing so requires that the pathological consequences of elevated blood homocysteine per se must be distinguished from those of any experimental treatments that are used to induce hyperhomocysteinemia. This difficulty is evident in studies aimed at testing the homocysteine toxicity hypothesis in vivo by raising plasma homocysteine through nutritional means. Such studies have successfully demonstrated that nutritionally induced hyperhomocysteinemia can cause or accelerate arterial lesions in mice (15, 16) , rats (17, 18) , rabbits (19, 20) , and pigs (21, 22) . However, because the great majority of these studies used excess dietary methionine to induce hyperhomocysteinemia, the possibility that the observed lesions were due to a harmful effect related to excess methionine intake rather than elevated blood homocysteine per se cannot be ruled out.
In light of this analysis, we hypothesized that if blood homocysteine per se is intrinsically atherogenic, then atherosclerotic pathology should occur in the presence of elevated blood homocysteine regardless of the primary cause of the elevation. If, on the other hand, elevated plasma homocysteine is not directly atherogenic but causes of other types of vascular damage or is an epiphenomenon marking the presence of coincident pathogenic mechanisms, then not all conditions that raise plasma homocysteine would necessarily be associated with atheromatous pathology.
We chose to test our hypothesis in apolipoprotein E (ApoE)-deficient mice (23) (24) (25) . Mice lacking this gene develop hypercholesterolemia and spontaneous atherosclerotic lesions, which appear in the aortic root and branch points in an age-dependent manner and in a pattern resembling human atheromas (26) . When the mice are raised on normal rodent diets, fatty streaks begin to appear within 10 weeks; intermediate lesions containing foam cells, smooth muscle cell proliferation, and endothelial damage appear after 15 weeks; and fibrous plaques appear after 20 weeks (27) (28) (29) (30) (31) (32) . Although thrombotic lesions are extremely rare in this model, the lesions nevertheless display a range of biochemical, structural, and functional changes that are hallmarks of the human pathology. These include the accumulation of oxidized lipids (33) (34) (35) (36) and inflammatory markers (15, (37) (38) (39) , endothelial dysfunction, and hypertension (40) (41) (42) (43) (44) . ApoE-deficient mice have proven valuable for determining the role of dietary risk factors for atherosclerosis on disease progression in vivo. Because the mice develop spontaneous vascular lesions, no need exists to assume that the factor of interest is a necessary or sufficient cause of disease. Instead, the effect of dietary modification on the rate and extent of lesion progression can be examined. Such studies have shown that high cholesterol (45, 46) and iron-rich (47, 48) diets can accelerate lesion progression, whereas diets rich in unsaturated fats (49) and antioxidants (35, 50) can slow the disease process.
The present study aimed to distinguish between the atherogenic effects of elevated plasma homocysteine and its nutritional determinants, high methionine intake and B vitamin deficiency. To do so, we fed ApoE-deficient mice methionine-supplemented and B vitamin-deficient or -supplemented diets and determined their effect on plasma homocysteine concentrations and on the progression of genetically induced atheromatous lesions.
Methods
Animals and Diets. Three-week-old weanling male ApoE-deficient (strain B6.129P2-
ApoEtm1Unc
) mice were purchased from The Jackson Laboratory and maintained at our animal facility. Mice were acclimated on a standard rodent maintenance diet recommended by the American Institute of Nutrition and fed ad libitum for 1 week (AIN-93M) (51). They were then systematically assigned to four groups of similar mean body weights and fed for 10 weeks with control and experimental diets formulated on the basis of Hoffman et al. (15) with vitamin-free, ethanolprecipitated casein and the appropriate vitamin mix (Harlan TEKLAD, Madison, WI). A control group continued eating the control AIN-93M diet. Two diets were formulated to induce hyperhomocysteinemia through combined folate, vitamin B 12 , and vitamin B 6 deficiency with or without methionine enrichment: diet ''MϩBϪ,'' a methionine-enriched͞B vitamindeficient diet, and diet ''BϪ,'' a B vitamin-deficient diet with control levels of methionine. A third, methionine-and B vitamin-enriched diet, ''MϩBϩ,'' was used to determine the effects of dietary methionine enrichment without hyperhomocysteinemia. Table 1 , shows nutrient content per kilogram diet and the number of mice raised on each diet. All diets contained 1% sulfathiozole (10 g͞kg diet, Sigma), a nonabsorbed sulfa drug that inhibits folate formation by gut bacteria to ensure that the animal's only source of available folate is from diet. Mice were housed individually, provided with free access to water, and fed by a ''group pair-feed protocol'' to ensure that all of the mice had similar food intake (52).
Blood Biochemistry. Mice were fasted overnight and killed by exsanguination under CO 2 anesthesia. Blood was collected by heart puncture into heparinized tubes and kept on ice for Ͻ1 h until plasma fractions were separated. Plasma was stored at Ϫ70°C until further analysis. Plasma folate was measured by a 96-well plate microbial (Lactobacillus casei) assay (53) . Cobalamin (vitamin B 12 ) was measured by a RIA (54) . Pyridoxal 5Ј-phosphate (vitamin B 6 ) was determined by the tyrosine decarboxylase apoenzyme method (55) . Plasma total homocys- In cells, homocysteine is derived from methionine after its utilization as a methyl group donor in biological methylation reactions. In this cycle, methionine is activated by condensation with ATP to give the ubiquitous methyl donor, SAM. SAM is transformed into S-adenosylhomocysteine (SAH) by donating its methyl group to the substrates of methylation reactions. Subsequently, SAH gives rise to homocysteine in a reversible reaction that favors SAH over homocysteine production. Because SAH is a potent inhibitor of most methyltransferase enzymes, homocysteine must be constantly removed through the folate-and vitamin B 12-dependent remethylation of homocysteine to methionine or by the irreversible vitamin B6-dependent degradation of homocysteine through the transsulfuration pathway. When intracellular homocysteine accumulates, excess homocysteine can be exported into circulation for clearance by kidney and liver. Methionine enters the cycle primarily from diet, but it can also be salvaged from endogenous protein degradation. Methionine can be removed from the cycle for use in protein and polyamine synthesis, or by homocysteine and the transsulfuration pathway. SAM acts as a coregulator of the methylation and transsulfuration pathways by stimulating cystathionine ␤-synthetase, the first step in the removal of homocysteine and inhibiting methylene tetrahydrofolate reductase, which generates the folate coenzyme used in the synthesis of methionine from homocysteine (67) . Saturation of the transsulfuration pathway by excess methionine and B 6 deficiency, or by inhibition of homocysteine remethylation due to folate or B12 deficiency, can lead to the production of intracellular homocysteine, which is then exported from cells into plasma. B 6, vitamin B6, pyridoxal 5Ј-phosphate; B12, vitamin B12, methylcobalamin; THF, tetrahydrofolate.
teine and methionine levels were determined by HPLC (56, 57) . To achieve adequate volumes for all assays, plasma was pooled by combining equal volumes of plasma from every two mice (on the same diet) into one plasma sample.
Tissue Preparation and Histology. Vascular pathology was evaluated in all 47 mice. After exsanguination, the arterial tree was perfused for 2 min with PBS containing nitroglycerine, followed by perfusion with PBS containing 4% formaldehyde (3 min). The aortic arch, including its main branch points (brachiocephalic trunk, left common carotid artery, and left subclavian artery), was excised and fixed in 1% buffered formaldehyde. The aortic arch including branch points was embedded longitudinally and cut into approximately forty 4-m sections. Four sections (20 m apart) of a series of 20 sections, which represented the central area of the arch with an intact morphology of the complete arch and branch points, were analyzed for plaque type and plaque area (hematoxylin͞eosin staining).
Atherosclerotic plaques were divided into either initial or advanced lesions. Initial lesions were defined as fatty streaks, containing macrophage-derived foam cells, with intracellular lipid accumulation [American Heart Association (AHA) type II] or with pools of extracellular lipid (AHA type III), whereas advanced lesions contained extracellular lipid, a lipid core (AHA type IV), and͞or a fibrous cap (AHA type Va-c) (58) . Plaque area was determined by using a microscope coupled to a computerized morphometry system (Quantimet 570, Leica). The evaluator was blind to the experimental treatments.
Statistics. Results were analyzed for differences between the means across dietary treatments by ANOVA with Tukey's honest squares differences post hoc analysis for multiple comparisons.
Results
Weight gain in mice fed the B vitamin-deficient diets with and without supplemental methionine (MϩBϪ and BϪ diets, respectively) was significantly less during 10 weeks of feeding than in mice fed the control diet. In contrast, mice fed the methioninerich, high-vitamin MϩBϩ diet attained the same mean weight as the controls. These differences in growth were observed even though all the mice consumed identical portions of food (mean body weight after 10 weeks on diet in grams Ϯ SD: Control, 22.4 Ϯ 2.6; MϩBϩ, 23.5 Ϯ 1.6; MϩBϪ, 16.1 Ϯ 1.3; BϪ, 18.6 Ϯ 2.5; P Ͻ 0.001 by ANOVA).
Severe hyperhomocysteinemia was induced by B vitamindeficient diets, together with a concomitant reduction in plasma folate vitamin B 6 and vitamin B 12 levels ( Table 2 ). The most severe hyperhomocysteinemia resulted from the normal methionine, B vitamin-deficient (BϪ) diet (plasma total homocysteine ϭ 243.7 Ϯ 82.0 M). When combined with B vitamin deficiency in the MϩBϪ diet, methionine enrichment attenuated the rise in plasma homocysteine that was achieved by B vitamin deficiency alone; nevertheless, homocysteine remained significantly elevated (plasma total homocysteine ϭ 86.7 Ϯ 25.3 M). In contrast, the methionine-rich and B vitaminsupplemented MϩBϩ diet did not increase homocysteine compared with controls (plasma total homocysteine ϭ 5.1 Ϯ 1.0 M and 4.6 Ϯ 1.4 M, respectively).
Dietary methionine enrichment significantly increased aortic lesion area beyond the baseline vascular pathology of control mice (Fig. 2) . The methionine rich, B vitamin-deficient diet (MϩBϪ) resulted in a nearly 2-fold increase in lesion area compared with controls (lesion area was 45,923 Ϯ 2,804 m 
Discussion
In the present study, we compared the extent of spontaneous atheromatous lesion progression in genetically susceptible ApoE-deficient mice raised under three conditions: (i) high methionine intake with normal blood homocysteine; (ii) high methionine intake with B vitamin deficiency and hyperhomocysteinemia; and (iii) normal methionine intake with B vitamin deficiency and hyperhomocysteinemia. These conditions enabled us to dissociate the effect of elevated plasma homocysteine on atheromatous vascular pathology from that of excess dietary methionine in this model.
Combined folate, vitamin B 12 , and vitamin B 6 deficiency resulted in severely elevated plasma homocysteine levels in ApoE-deficient mice that were similar to those typically seen in humans with congenital defects of homocysteine and methionine metabolism. The elevated plasma homocysteine, by itself, did not increase the extent of genetically caused vascular pathology as determined in mice fed control diets. However, it augmented the capacity of excess dietary methionine to accelerate the progression of vascular pathology in this model, even though concurrent methionine supplementation during B vitamin deficiency significantly reduced fasting homocysteine levels. The paradoxical ability of high methionine intake to partially lower homocysteine is explained by the stimulation of transsulfuration activity by methionine-derived SAM to remove some homocysteine by the liver and other tissues (14) . In contrast, excess methionine accelerated plaque formation independently, even at normal levels of plasma homocysteine.
Our findings agree with two studies that examined the relation of dietary hyperhomocysteinemia to vascular lesions in ApoEdeficient mice (15, 16) . Hoffman and colleagues (15) first showed that feeding young ApoE-deficient mice a combined methionine-supplemented (7.7 g͞kg diet) and B vitamindeficient diet for 8 weeks resulted in severe hyperhomocysteinemia accompanied by a doubling of aortic plaque size and increased lesion complexity (15). Zhou and colleagues (16) compared aortic plaque acceleration by supplementing food with methionine (22-44 g͞kg diet) or drinking water with homocysteine (0.9-1.8 g͞liter). Both methionine and homocysteine supplementation resulted in hyperhomocysteinemia and in lesion acceleration. Dietary methionine enrichment was toxic and resulted in death within 8 months. Although homocysteine was better tolerated, by 12 months, the vascular lesions had progressed to their maximum extent in both supplemented animals and controls such that no additional contribution of homocysteine to the pathology was detected (16) .
These studies demonstrate that the dietary manipulation of both methionine and homocysteine metabolism can accelerate the preexisting pathological process in ApoE-deficient mice. Fourteen-week-old ApoE-deficient mice fed control diets develop spontaneous lesions as shown by the white bar. The lesion area increased significantly in mice fed methionine-enriched diets (light and dark gray) in comparison with controls. The highest lesion area was attained in mice that were fed the high-methionine, vitamin-deficient MϩBϪ diet, with a mean lesion area that was nearly twice that seen in the control group (dark gray). The mean aortic lesion area in mice fed the vitamin-deficient normal-methionine BϪ diet was not significantly different from the mean basal lesion area in controls (white vs. black), despite the fact that the BϪ group had the highest plasma homocysteine levels (see Table 2 ). In contrast, the lesion area was significantly higher in mice fed the high-methionine, vitamin-supplemented ''MϩBϩ'' diet than in controls, despite the fact that homocysteine levels in this group were normal (Table 2) . Error bars represent standard errors. a, b, and c are significantly different; P Ͻ 0.05. However, in contrast to the present study, neither of the previous two studies could exclude the possibility that the excess methionine promoted pathology through processes other than driving homocysteine production, or conversely, that supplementary homocysteine did not serve as an alternative form of dietary methionine.
Whether excess of dietary methionine intake in humans is atherogenic remains to be determined; however, considerable evidence from animal experiments suggests that these findings are not limited to the ApoE-deficient mouse model. A similar experimental dissociation of hyperhomocysteinemia and atherosclerosis has been observed in pigs and primates fed atherogenic diets (21, 59 ). Ambrosi et al. (21) showed that feeding pigs a methionine-rich diet for 4 months induced hyperhomocysteinemia and atherosclerosis. Folate supplementation of the methionine-rich diet successfully normalized plasma homocysteine levels but did not reduce methionine-induced vascular lesions. Similarly, when Lentz et al. (59) fed cynomolgus monkeys a high-fat and -cholesterol diet for 13-26 months, it induced not only hypercholesterolemia and atherosclerosis, but also hyperhomocysteinemia and B vitamin deficiency. When the same diet was supplemented with folic acid, vitamin B 12 , and vitamin B 6 , blood vitamin and homocysteine levels were normalized, but no attenuation of atherosclerosis or vascular dysfunction occurred in supplemented monkeys (59) .
It is difficult to reconcile these data with the observation that rare congenital defects in homocysteine metabolism are associated with premature thrombotic and arteriosclerotic disease, whether the defects are in genes of the transsulfuration pathway (which are associated with elevated methionine) or of the methylation pathway (which are associated with low methionine) (20) . This observation has often been cited as key evidence supporting the view that vascular disease in hyperhomocysteinemia and particularly atherosclerosis is due to homocysteine per se rather than an effect of its metabolic determinants. Nevertheless, attempts to mimic these human conditions in knockout mice that are defective in transsulfuration or in the remethylation of homocysteine have so far not induced either arteriosclerosis or atherosclerosis in these models despite achieving hyperhomocysteinemia (26, 60) . This finding leaves unanswered which aspects of vascular pathology might be causally linked to homocysteine or whether additional factors might be necessary for the putative vasotoxic properties of homocysteine to become apparent (10, 11) .
Although the role of homocysteine in atherosclerosis remains to be determined (10, 11) , the atherogenic potency of excess methionine intake is a well documented, if often overlooked, phenomenon. Abundant data on dietary amino acid imbalances describe ''methionine toxicity'' that leads to growth retardation and histopathologic changes in liver, kidney, and spleen, at methionine intake as low as 2% of diet (61) . Numerous studies show high methionine intake to produce atherosclerotic changes in mice (15, 16) rats (17, 18, (62) (63) (64) , rabbits (19, 65) , and pigs (21, 22) , even if the results have often been attributed to a coincident rise in plasma homocysteine. Further evidence of methionine's vascular toxicity can be derived from studies that examine the vascular effect of dietary protein content and composition. For example, high methionine casein based diets promote vascular pathology in ApoE-deficient mice to a greater extent than low methionine isoflavone-free soy-protein-based diets even within the range of normal dietary methionine intake and similar total protein content (66) . Together, these observations demonstrate that methionine toxicity is not limited to the ApoE-deficient mouse model. Additional studies are needed to determine the mechanism that underlies this atherogenic property of excess dietary methionine and whether this mechanism could at least in part explain the epidemiological association between elevated homocysteine levels and cardiovascular disease.
